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Abstract
We investigate the production of heavy, neutral Higgs boson resonances and their decays to top-quark
top-antiquark (tt¯) pairs at the Large Hadron Collider (LHC) at next-to-leading order (NLO) in the
strong coupling of quantum chromodynamics (QCD). The NLO corrections to heavy Higgs boson
production and the Higgs-QCD interference are calculated in the large mt limit with an effective K-
factor rescaling. The nonresonant tt¯ background is taken into account at NLO QCD including weak-
interaction corrections. In order to consistently determine the total decay widths of the heavy Higgs
bosons, we consider for definiteness the type-II two-Higgs-doublet extension of the standard model and
choose three parameter scenarios that entail two heavy neutral Higgs bosons with masses above the tt¯
threshold and unsuppressed Yukawa couplings to top quarks. For these three scenarios we compute,
for the LHC operating at 13 TeV, the tt¯ cross section and the distributions of the tt¯ invariant mass, of
the transverse top-quark momentum and rapidity, and of the cosine of the Collins-Soper angle with
and without the two heavy Higgs resonances. For selected Mtt¯ bins we estimate the significances for
detecting a heavy Higgs signal in the tt¯ dileptonic and lepton plus jets decay channels.
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1. Introduction
The investigations of the production and decays of the 125 GeV spin-zero resonance [1, 2]
at the Large Hadron Collider (LHC) by the CMS [3] and ATLAS experiments [4] show that
the properties of this particle are consistent with those of the Higgs boson of the standard
model (SM). These results strongly support the Higgs mechanism of electroweak symmetry
breaking, but do not exclude the possibility that additional Higgs bosons with masses below or
around 1 TeV exist. There are several well-known motivations for considering the existence
of an extended Higgs sector (for reviews see, for instance, Refs. [5, 6]), and major experi-
mental efforts at the LHC are being devoted to the search for additional spin-zero bosons.
To date, these efforts include investigations which were aimed at tracing additional neutral
Higgs bosons with significant couplings to the electroweak gauge bosons [7–11] or enhanced
couplings (in comparison to respective SM Higgs couplings) to b quarks [12, 13] and charged
leptons [14, 15]. These searches—negative so far—have an impact on parts of the parameter
spaces of models with an extended Higgs sector but are, needless to say, by far not exhaustive.
One possibility, which is notoriously difficult to explore experimentally, is that one or several
neutral Higgs bosons with masses above the top-antitop quark (tt¯) production threshold exist,
with significant Yukawa couplings to top quarks but suppressed couplings to the weak gauge
bosons and to d-type quarks and charged leptons. Very likely, the resonant production of such
a Higgs boson φ and its subsequent decay into tt¯ at the LHC, pp→ φ→ tt¯X, does not show up
as a resonance bump in the tt¯ invariant mass distribution but as a distinctive peak-dip structure.
This structure is caused by the interference of the signal and the nonresonant tt¯ background
amplitudes if the narrow-width approximation does not apply to φ, which is very likely the
case. This was first shown in Refs. [16, 17] for a scalar and pseudoscalar φ, respectively, and
in Refs. [18–20] also for a charge parity (CP) mixture. In Refs. [18–20] effects of a heavy
Higgs boson on top-quark spin observables were also investigated. More recently, the study
of this φ decay channel was taken up again in Refs. [21–26]. All these investigations were
performed at leading-order (LO) QCD.
First experimental attempts to search for heavy spin-zero states φ in the tt¯ decay channel at
the LHC were made by the CMS [27] and ATLAS [28] experiments. These investigations
are difficult, in particular because the experimental resolution of the tt¯ invariant mass is, in
general, larger than the expected width of φ, which hampers a resolution of the resonance
region. On the theoretical side, a more precise description of the reaction pp→ φ→ tt¯X is
necessary. In this paper we investigate the resonant production of heavy neutral Higgs bosons
φ and their decay into tt¯ including an approximate calculation of the next-to-leading order
QCD corrections. That is, the NLO Higgs production amplitudes are computed in the limit of
mt →∞. The interferences of the signal and nonresonant tt¯ background amplitudes are also
determined at NLO QCD. The nonresonant tt¯ background is computed at NLO QCD and the
mixed QCD-weak interaction corrections are included. We analyze how heavy Higgs bosons
affect the tt¯ cross section and several distributions. In particular, we determine the shape of the
tt¯ invariant mass distribution in the vicinity of a heavy Higgs resonance, which is of primary
interest. We have analyzed the reaction at hand for arbitrary configurations of the t and t¯ spins,
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but we defer the investigation of heavy Higgs boson effects on tt¯ spin correlations and on the
t and t¯ polarization to a future publication.
The NLO QCD analysis of pp→ φ→ tt¯X presented here may be applied to a number of SM
extensions. Yet, in applications one has to fix the number of heavy Higgs bosons which can be
resonantly produced in the tt¯ channel. Other important ingredients in this analysis are the total
widths of the Higgs bosons φ with mass larger than twice the top-quark mass. These widths
must be computed in a concrete model, in order to maintain the unitarity of the S matrix.
For definiteness we have chosen to analyze the process at hand within the type-II two-Higgs-
doublet extension (2HDM) of the standard model. This model, which may be realized with or
without Higgs sector CP violation, is among the simplest extensions of the SM. While inter-
esting per se, it may also be considered a prototype of an extended Higgs/spin-zero sector. (For
a recent review see, e.g., Ref. [6].) The spectrum of physical spin-zero particles of 2HDMs
consists of three neutral Higgs bosons φ1,φ2,φ3 and a charged Higgs boson and its antiparti-
cle, H±. We identify φ1 with the observed 125 GeV resonance and assume that the masses φ2
and φ3 are larger than twice the top-quark mass. The charged Higgs boson is assumed to be
heavy enough as to play no role in our analysis. The LHC results on the 125 GeV Higgs res-
onance imply that the parameters of 2HDMs are constrained by the requirement of φ1 being
SM-like. In addition we are interested in parameter scenarios where the top-quark Yukawa
couplings of the heavy Higgs bosons φ2, φ3 are somewhat enhanced or at least as large as
the SM top-quark Yukawa coupling—without simultaneous enhancement of the Yukawa cou-
plings of d-type quarks and charged leptons—and where the couplings of φ2, φ3 to the weak
gauge bosons are severely suppressed. This is possible in the type-II 2HDM. We define three
such parameter scenarios which are in accord with experimental constraints—two scenarios
with CP conservation and one with CP violation in the tree-level Higgs potential. For each of
these parameter scenarios, we compute the Higgs boson contributions to the tt¯ cross section
and to several top-quark distributions, in particular the tt¯ invariant mass distribution, for the
LHC at 13 TeV. In the context of our type-II 2HDM parameter scenarios the NLO analysis is
organized as follows: the nonresonant contribution of φ1 is part of the mixed QCD-weak in-
teraction corrections to the nonresonant tt¯ background. As to the amplitudes of ab→ φ j→ tt¯X
( j = 2,3), where a,b denote partons, their interference with the nonresonant tt¯ amplitudes is
taken into account. In the case of neutral Higgs-sector CP violation, the φ2 and φ3 produc-
tion amplitudes interfere also among each other but, as shown below, this contribution is very
small for our parameter scenarios and can be neglected. The evaluation of our three parameter
scenarios exemplifies the significance of the QCD corrections, but the effect of the two heavy
Higgs bosons on the top-quark distributions is, overall, rather small. Nevertheless, statisti-
cally significant signals are possible. We propose to analyze existing and future LHC tt¯ data
by scanning the distribution of the tt¯ invariant mass, Mtt¯, with a sliding Mtt¯ window of width
∼ 80 GeV.
The paper is organized as follows. In Sec. 2 we briefly recapitulate the main features of the
type-II 2HDM with and without Higgs-sector CP violation that are relevant for our analysis. In
Sec. 3 we define three parameter scenarios which we use in the following: two sets associated
with a CP-conserving and one set related to a CP-violating Higgs potential. We discuss that
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our scenarios are compatible with existing experimental constraints on the parameter space of
the type-II 2HDM. Section 4 contains the setup of our calculations. For illustrative purposes
we discuss first the resonant production of heavy Higgs bosons and their decay to tt¯ and the
interference with the nonresonant background at LO QCD. Then we outline how we compute
distributions for this reaction including the Higgs-QCD interference at NLO QCD and we
describe our K-factor approximation adapted from Ref. [29]. The nonresonant tt¯ background
is incorporated at NLO QCD including the weak-interaction corrections. Section 5 contains
the results for tt¯ production at the LHC (13 TeV) for the three parameter scenarios introduced
in Sec. 3. First we compute the inclusive tt¯ cross section and the Mtt¯ distribution without and
with the two heavy Higgs resonances. We estimate, for appropriately chosen Mtt¯ intervals
and for our three parameter scenarios, the significance with which a heavy Higgs signal could
be detected in the tt¯ dileptonic and lepton plus jets decay channels. Furthermore, we give the
distributions of the rapidity and transverse momentum of the top quark and the distributions of
the cosine of the Collins-Soper angle [30] for selected Mtt¯ windows. Moreover we show that
the negative experimental searches for heavy spin-zero resonances in the tt¯ channel [27,28] at
the LHC (8 TeV) do not exclude our parameter scenarios. We conclude in Sec. 6. Appendix A
contains a discussion of the complex mass scheme that we apply for the description of the
heavy Higgs boson resonances. The cancellation of real and virtual nonfactorizable QCD
corrections to gg→ φ j→ tt¯ in the soft gluon approximation (SGA) is outlined in Appendix B.
2. The type-II two-Higgs-doublet model
As mentioned above, we choose the type-II two-Higgs-doublet model as an example of a SM
extension which allows one to describe, in a consistent field-theoretic and phenomenologically
viable way, both the 125 GeV Higgs resonance and additional neutral heavy Higgs bosons. In
this section we shortly describe the salient features of several variants of this model which are
relevant for our analysis.
In 2HDMs the SM field content is extended by an additional Higgs doublet. Both Higgs
doublets Φ1 and Φ2 transform under SU(3)c×SU(2)L×U(1)Y as (1,2,1/2).
The type-II model is defined by its Yukawa coupling structure: the doublet Φ1 is coupled to
right-chiral down-type quarks and charged leptons, while Φ2 is coupled to right-chiral up-
type quarks only. The type-II model belongs to those 2HDMs where, by construction, flavor-
changing neutral currents are absent at tree level. The most general Hermitian, gauge invariant
and renormalizable 2HDM potential reads (see, for instance, [6]):
V (Φ1,Φ2) = −µ21|Φ1|2−µ22|Φ2|2−
(
µ23Φ
†
1Φ2 + h.c.
)
+
λ1
2
|Φ1|4 + λ22 |Φ2|
4 +λ3|Φ1|2|Φ2|2 +λ4|Φ†1Φ2|2
+
[
λ5
2
(
Φ
†
1Φ2
)2
+λ6
(
Φ
†
1Φ1
) (
Φ
†
1Φ2
)
+λ7
(
Φ
†
2Φ2
) (
Φ
†
1Φ2
)
+ h.c.
]
, (1)
with real µ21, µ
2
2, λ1,2,3,4 and complex µ
2
3, λ5,6,7, adding up to 14 independent real parameters.
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Three of the 14 parameters can be eliminated by a change of basis, Φ′i = Ui jΦ j, where U is a
unitary 2×2 matrix.
After electroweak gauge symmetry breaking, using the unitary gauge the two-Higgs doublets
take the form
Φ1 =
(
−H+ sinβ, 1√
2
(31 +ϕ1− iAsinβ)
)T
,
Φ2 = eiξ
(
H+ cosβ,
1√
2
(32 +ϕ2 + iAcosβ)
)T
, (2)
where tanβ = 32/31 is the ratio of the vacuum expectation values of the two-Higgs-doublet
fields with 3 =
√
321 + 3
2
2 = 246 GeV. By a field redefinition the phase ξ can be put to zero with-
out loss of generality. The field H+ describes the physical charged Higgs boson of the model,
while ϕ1,2 and A are the physical neutral CP-even and CP-odd field degrees of freedom. The
Higgs potential (1) leads to mixing among these neutral fields. We denote the neutral Higgs
fields and the associated Higgs particles of definite mass by φ j, j = 1,2,3. They are related to
ϕ1,2 and A by an orthogonal transformation, (φ1,φ2,φ3)T = R(ϕ1,ϕ2,A)T . We parametrize the
orthogonal matrix R as follows:
R =
 c1c2 c2s1 s2−c1s2s3− c3s1 c1c3− s1s2s3 c2s3−c1c3s2 + s1s3 −c1s3− c3s1s2 c2c3
 , (3)
where ci and si (i = 1,2,3) are the cosines and sines of the mixing angles αi. Due to the
symmetries of R [31] one can restrict the range of the angles to −pi/2 ≤ αi < pi/2.
The Higgs potential in its general form (1) violates the CP symmetry and, as a consequence,
the CP-even and CP-odd Higgs fields mix and the mass eigenstates φ j ( j = 1,2,3) do not have
a definite CP. In this general CP-violating version of the type-II 2HDM, the Higgs potential
has, as mentioned above, 11 independent parameters.1 For phenomenological studies it is
useful to choose as independent parameters a different set, in terms of which the parameters
of the potential can be expressed. This set includes the following nine parameters which we
call phenomenological parameters:
m1, m2, m3, m+, α1, α2, α3, tanβ, 3 , (4)
where m j ( j = 1,2,3) are the masses of the three neutral Higgs bosons and m+ is the mass of
H+. The value of 3 is of course fixed by experiment.
In order to motivate the type-II 2HDM construction by a symmetry argument, one often im-
poses a Z2 symmetry onto the model which may be softly broken by the Higgs potential. This
approximate symmetry implies that the hard Z2 symmetry-breaking terms in (1) are absent,
λ6 = λ7 = 0. This variant of the model still allows for neutral Higgs sector CP violation [33],
i.e., for the mixing of ϕ1,2 and A, if Im(λ5/µ43) , 0. One can show [34] that in this case the
1For a general discussion, see Ref. [32].
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number of independent phenomenological parameters listed in (4) is reduced by one. In the
model with approximate Z2 symmetry where Imλ5 , 0, one can, for instance, express the
mass m3 of the neutral Higgs boson φ3 in terms of m1,m2, tanβ, and the Higgs mixing angles
αi (i = 1,2,3). In our applications below, where we consider also the case of Higgs sector CP
violation, we however refer to the more general case where (4) is an independent parameter
set, in order to avoid a theoretical bias.
The type-II 2HDM where the Higgs potential conserves CP is a special case and is also of
great phenomenological interest. In this case only ϕ1 and ϕ2 mix. This is described by the
mixing angle α1, while α2 = α3 = 0. The matrix R is now block diagonal with R13 = R23 =
R31 = R32 = 0 and R33 = 1. The two CP-even and the CP-odd neutral mass eigenstates are
often conventionally denoted by φ1 = h, φ2 = H, and φ3 = A. The type-II 2HDM with CP-
conserving Higgs potential may be motivated by assuming an approximate Z2 symmetry. Then
the potential has eight independent parameters, but they are reduced by one by the condition
that the ground state of the model does not break CP spontaneously. Thus, one may choose as
independent parameters the following set:
m1, m2, m3, m+, α1, tanβ, 3 . (5)
In the following we identify the 125 GeV Higgs resonance with the Higgs boson φ1 and as-
sume that the masses of the two other neutral states φ2,3 lie above the tt¯ threshold. In addition,
we assume that the mass of the charged Higgs boson H+ is of the order of the masses of φ2,3,
so that the two-body decays φ2,3→W±H∓ are kinematically excluded. Fits to LHC data [3,4]
imply that the couplings of the 125 GeV Higgs boson to the third-generation fermions and
gauge bosons are not too different from those of the SM Higgs boson. In the context of the
CP-conserving 2HDM this means that the model is close to the so-called alignment limit2
β = α1. Yet, at present the uncertainties on the measured couplings of the 125 GeV resonance
are still rather large, ∼ 20%− 30%. In particular it is not yet experimentally shown that the
125 GeV resonance is a pure CP-even state—a pseudoscalar admixture is still a possibility.
Nevertheless, in the scenarios which we define in the next section and apply subsequently we
shall choose parameters in or close to the alignment limit.
For our analysis below we need the interactions of the neutral Higgs bosons with fermions and
weak gauge bosons, and their interactions among each other. We parametrize the couplings of
the φ j to the quarks and charged leptons f = q, ` and to weak gauge boson pairs in the type-II
model with Higgs sector CP violation as follows:
L1 = −
m f
3
(
a j f f¯ f −b j f f¯ iγ5 f
)
φ j + f jVVφ j
2m2W3 W−µ W+µ+ m2Z3 ZµZµ
 , (6)
where a sum over f and j = 1,2,3 is implicit. The reduced scalar and pseudoscalar Yukawa
couplings a j f and b j f and the reduced couplings f jVV depend on the values of tanβ and on
2Often the parametrization of the mixing matrix R used in the literature is different from (3). For instance, in
the parametrizations of [34, 35], α = α1−pi/2; i.e., the alignment limit is then given by β−α = pi/2.
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the elements Ri j of the Higgs mixing matrix (3) and are listed in Table 1. The couplings f jVV
satisfy the sum rule
3∑
j=1
f 2jVV = 1 . (7)
The interaction of neutral Higgs bosons φ j,φl ( j , l) with the Z boson is given by
L2 = − gW2cosθW fZ jlZ
µφ j
↔
∂µ φl , (8)
where gW is the SU(2)L gauge coupling and θW denotes the weak mixing angle. For computing
the rates of the decays φ j→ Zφ1 ( j = 2,3), we need the couplings fZ j1. They are given by
fZ j1 = (−sinβR11 + cosβR12)R j3− (−sinβR j1 + cosβR j2)R13 . (9)
Moreover, for computing the decays φ j→ 2φ1 ( j = 2,3) the trilinear neutral Higgs couplings
are required,L3 = gi jlφiφ jφl. In the CP-violating type-II 2HDM the couplings gi jl have a quite
complicated form. They were derived in terms of the potential parameters in [35] and in terms
of the phenomenological parameters in [36].
Table 1: Reduced couplings to quarks, leptons and gauge bosons of the neutral Higgs bosons
φ j of the type-II 2HDM in the parametrization (6). The labels t,b, and τ are place
holders for u-type, d-type quarks, and charged leptons.
a jt a jb = a jτ b jt b jb = b jτ f jVV
R j2/sinβ R j1/cosβ R j3 cotβ R j3 tanβ cosβR j1 + sinβR j2
3. Three type-II 2HDM scenarios
In this section we define three phenomenologically viable parameter sets for the type-II 2HDM,
two for the CP-conserving and one for the CP-violating variant, which we use in the next sec-
tions. We compute for these parameter sets the total widths of the heavy neutral Higgs bosons
φ2,φ3, including QCD corrections. As already mentioned above, in all three cases we iden-
tify the 125 GeV Higgs boson with φ1 and choose the parameters such that its couplings to
fermions and gauge bosons are SM-like. For the parameter sets below, the total width Γ1 of
φ1 is of the order of 4 MeV. This width plays no role in the computations of Secs. 4–5. For
the masses of the two other neutral Higgs bosons we assume m2,m3 > 2mt. The resonant pro-
duction of φ2,φ3 has a chance of being experimentally detectable in the tt¯ decay channel only
if the Yukawa couplings are not suppressed in comparison with the SM top-Yukawa coupling.
Therefore we choose tanβ = 0.7 for all three scenarios below. Experimental constraints from
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B physics require that for tanβ < 1 the mass m+ of the charged Higgs boson is large. In or-
der to satisfy these constraints [37–39] we assume that m+ > 720 GeV. This implies for the
parameter scenarios below that the decays φ2,3→W±H∓ cannot occur.
We determine the total widths of φ2 and φ3 by computing the sum of the largest two-body
decay rates. The QCD corrections to the decays φ j→ qq¯ and φ j→ gg may be computed with
the computer program HDECAY [40] or 2HDMC [41]. Both codes apply only to CP-conserving
2HDM but can be easily adapted to CP-violating scenarios. Since both programs use the
renormalization scale µ = mφ, which is not suited for our applications (see below), we use the
expressions for the partial decay rates to quarks and to gluons including QCD corrections from
Refs. [42, 43] and Ref. [44], respectively. Expressions for the other decay rates (including the
CP-violating case) can also be found in the literature, see e.g. Ref. [35]. Where possible we
checked our results with 2HDMC. In these computations we use the top-quark mass mt in the
on-shell scheme and put mt = 173.34 GeV. Moreover, in order to be consistent with our com-
putations of Secs. 4–5 we consider the following values and variations of the renormalization
scale µ:
µ0
2
≤ µ ≤ 2µ0 , µ0 = m2 + m34 . (10)
Electroweak corrections to the decays φ j→ f f¯ [45] and φ j→ VV [46] are sizeable, especially
for heavy Higgs bosons. Because we consider parameter scenarios where the φ jVV couplings
are suppressed for j = 2,3, these corrections to φ j → VV will not affect the total widths Γ2,3
very much. The electroweak corrections to φ j → tt¯ can be as large as the QCD corrections.
Because we analyze in Sec. 4 resonant hadronic heavy Higgs boson production and decay to tt¯
only to lowest order in the non-QCD couplings, we omit the contributions of the electroweak
corrections to Γ2,3.
3.1. Scenario 1
We consider the type-II model with a CP-conserving Higgs potential. We choose
tanβ = 0.7 , α1 = β = 0.611 , α2 = α3 = 0 , (11)
and choose the following Higgs boson masses, with φ2 and φ3 being nearly mass degenerate:
m1 = 125GeV , m2 = 550GeV , m3 = 510GeV , m+ > 720GeV . (12)
That is, φ1 and φ2 are chosen to be pure scalars while φ3 is a pseudoscalar Higgs boson, cf.
Table 2. The reduced Yukawa couplings and couplings to the weak gauge bosons, which result
from (11) and the formulas of Table 1, are given in Table 2. Recall that a pseudoscalar Higgs
boson has no tree-level couplings to W+W− and ZZ ( f3VV = 0). The choice α1 = β puts the
model into the alignment limit. Therefore we have also f2VV = 0.
We compute the largest two-body decay rates of the scalar φ2 and the pseudoscalar φ3 and
determine their total widths by adding up these rates. The leading-order decay-rate formulas
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Table 2: Values of the reduced couplings to the third-generation fermions and gauge bosons
of the neutral Higgs bosons φ j for the parameter set (11) which is used in scenarios 1
and 2.
a jt a jb = a jτ b jt b jb = b jτ f jVV
φ1 1 1 0 0 1
φ2 1.429 −0.700 0 0 0
φ3 0 0 1.429 0.700 0
Table 3: Dominant partial decay widths and the total widths of the two heavy, neutral Higgs
bosons φ2 and φ3 in our CP-conserving 2HDM scenario 1, defined in (11)–(12). The
super- and subscripts denote the shift due to the scale variations (10).
Γ2 [GeV] Γ3 [GeV]
φi→ tt¯ 34.48+0.33−0.28 49.15+0.38−0.32
φi→ gg 0.08+0.01−0.01 0.13+0.02−0.02
Total 34.56+0.34−0.28 49.28
+0.40
−0.34
for φ j → f f¯ ,VV,Zφl,2φl,gg, where V = W,Z, are well-known and are not reproduced here
(see, e.g., [41]). The relevant tree-level couplings are given in Sec. 2. The trilinear neutral
Higgs couplings are taken from [35,36] and we use the QCD corrections to φ2,3→ tt¯,gg given
in Ref. [42–44]. The results are listed in Table 3. The uncertainties result from varying the
renormalization scale according to (10). The partial decay widths of φ j→ f f¯ ( f , t), φ j→ γγ,
and φ j → Zγ are a few 10−3 GeV or smaller and are neglected in the total widths Γ2,Γ3. In
particular, the decay rate to bb¯ is small because the Yukawa couplings to down-type quarks
are not enhanced (Table 2) due to our choice of tanβ < 1. Moreover, to lowest order in the
non-QCD couplings the partial decay rates for φi→ VV , φi→ φ1Z, and φi→ φ1φ1 are zero.
3.2. Scenario 2
We choose again a CP-conserving neutral Higgs sector scenario with the same set of angles,
Eq. (11), as in scenario 1. Here we assume that the pseudoscalar φ3 is significantly heavier
than the scalar φ2. We choose
m1 = 125GeV , m2 = 550GeV , m3 = 700GeV , m+ > 720GeV . (13)
The values of the reduced couplings of φ2,φ3 to the third-generation fermions and gauge
bosons given in Table 2 apply also here. The results for the most important two-body decay
widths and the total widths of φ2,φ3 are given in Table 4. To lowest order in the non-QCD
couplings the partial decay rates for φi→ VV , φi→ φ1Z, φi→ φ1φ1, and φ3→ φ1φ2 are zero.
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Notice that the decay widths for φ2 → VV , φ2 → φ1φ1 and φ3 → Zφ1 vanish in scenarios 1
and 2, respectively, because we have chosen the exact alignment limit α1 = β. The more one
moves away from this limit, the larger the contributions of these modes will be to the total
decay widths.
Table 4: Dominant partial decay widths and total widths of the two heavy, neutral Higgs
bosons φ2 and φ3 in our CP-conserving 2HDM scenario 2, defined in (11) and (13).
The super- and subscripts denote the shift due to the scale variations (10).
Γ2 [GeV] Γ3 [GeV]
φi→ tt¯ 34.41+0.32−0.26 71.97−0.15+0.13
φi→ φ2Z 0 3.14
φi→ gg 0.08+0.01−0.01 0.17+0.01−0.01
Total 34.49+0.33−0.27 75.28
−0.14
+0.11
3.3. Scenario 3
We consider a type-II model with a CP-violating Higgs potential (without approximate Z2
symmetry) such that (4) forms a set of independent parameters. For tanβ and the Higgs mixing
angles we choose
tanβ = 0.7 , α1 = β , α2 =
pi
15
, α3 =
pi
4
. (14)
We set the Higgs boson masses to the values
m1 = 125GeV , m2 = 500GeV , m3 = 800GeV , m+ > 720GeV . (15)
Using Table 1 and the parameters (14) we get the values of the reduced Yukawa couplings and
couplings to the weak gauge bosons listed in Table 5. As this table shows, in this scenario the
three neutral Higgs bosons φ1,2,3 are CP mixtures.
Table 5: Values of the reduced couplings to the third-generation fermions and gauge bosons
of the neutral Higgs bosons φ j for the parameter set (14) of scenario 3.
a jt a jb = a jτ b jt b jb = b jτ f jVV
φ1 0.978 0.978 0.297 0.146 0.978
φ2 0.863 −0.642 0.988 0.484 −0.147
φ3 −1.157 0.348 0.988 0.484 −0.147
The results for the most important two-body decay widths and the total widths of φ2,φ3 are
given in Table 6. In this scenario without approximate Z2 symmetry we have to specify also
9
Table 6: Dominant partial decay widths and total widths of the two heavy, neutral Higgs
bosons φ2 and φ3 in our CP-violating 2HDM scenario 3, defined in (14)–(15). The
super- and subscripts denote the shift due to the scale variations (10).
Γ2 [GeV] Γ3 [GeV]
φi→ tt¯ 32.31+0.31−0.26 85.05−0.30+0.25
φi→ VV 1.12 5.11
φi→ φ1Z 0.65 3.24
φi→ φ2Z 0 31.28
φi→ φ1φ1 2.38 3.00
φi→ φ1φ2 0 0.31
φi→ gg 0.08+0.01−0.01 0.17+0.01−0.01
Total 36.55+0.32−0.27 128.16
−0.29
+0.24
the values of the complex parameters λ6, λ7 in the 2HDM potential. These parameters only
enter the calculation of the decay widths which involve trilinear Higgs couplings, i.e. only the
decays φi→ φ1φ1 and φi→ φ1φ2 listed in Table 6. We choose Reλ6 = 0, Imλ6 = −3.677 and
λ7 = 0.
3.4. Experimental constraints
The Higgs couplings and masses chosen in the three scenarios above are compatible with
existing experimental constraints. As to the couplings of φ1, in scenarios 1 and 2 the couplings
of φ1 are identical to those of the SM Higgs boson. In the CP-violating scenario φ1 has
a pseudoscalar component. Nevertheless, also in this scenario the couplings of φ1 given in
Table 5 lie within the respective coupling ranges of the 125 GeV boson determined by the CMS
[3] and ATLAS [4] experiments, which allow ∼ 20%− 30% deviations from the respective
SM Higgs couplings. Because in our scenarios the tree-level couplings of φ2,φ3 to b quarks,
τ leptons, weak gauge bosons, and to φ1 are very small or even zero, the negative searches,
so far, at the LHC for nonstandard heavy resonances decaying to W+W− [11], ZZ [7, 11],
Zφ1 [8, 10], φ1φ1 [9, 13], τ−τ+ [14, 15], bb¯ [12] do not exclude the above scenarios. We
comment in Sec. 5 on the CMS [27] and ATLAS [28] searches in the tt¯ decay channel.
The nonobservation of deviations from the SM predictions in B-physics data places limits on
tanβ and on the mass m+ of the charged Higgs boson. These parameters control the contribu-
tion of H± to loop-induced observables like the rare decays B→ Xs + γ and neutral B0d − B¯0d
mixing. In general the loop effects of charged Higgs bosons decrease with increasing mass m+
and vice versa. Our choice tanβ = 0.7 and m+ > 720 GeV in our three 2HDM scenarios falls
into the allowed parameter range which is determined by comparing experimental data with
2HDM predictions [37–39].
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The allowed parameters of 2HDM are also restricted by the experimental values of the oblique
electroweak parameters. The general expressions for the oblique parameters S , T , and U in
2HDM and discussion of resulting constraints can be found in [6, 47–49]. As we have chosen
φ1 to be SM-like, φ2,φ3 and H± to be heavy, and the mixing angles such that the couplings
of φ2,φ3 to the weak gauge bosons are suppressed, our scenarios are compatible with the
constraints from electroweak precision measurements.
The experimental upper limits on the electric dipole moments of the neutron [50] and the
electron [51] put limits on the angles associated with Higgs sector CP-violation in 2DHM. Our
choice of Higgs mixing angles (14) in the CP-violating scenario 3 which implies the Higgs
couplings given Table 5 and our choice of Higgs boson masses (15) lies within the allowed
parameter range of CP-violating 2HDM without approximate Z2 symmetry as derived, for
instance, in [35].
4. Theoretical predictions beyond the QCD Born
approximation
As mentioned in the introduction the aim of this article is to study, within the type-II two-
Higgs-doublet model, the resonant production of heavy neutral Higgs bosons and their decay
into tt¯,
pp→ φ2,3→ tt¯X , (16)
including the nonresonant SM tt¯ background
pp→ tt¯X (17)
and the interference of the resonant and nonresonant amplitudes. Specifically, we consider the
three scenarios introduced in Sec. 3 and derive predictions for the cross section and distribu-
tions including all relevant NLO QCD corrections.
4.1. Setup and leading-order results
In order to set up our conventions and introduce some abbreviations we start with a short
review of the leading-order results. For a detailed discussion we refer to Refs. [17, 19] and
Ref. [24] where detector effects have been included in the simulation. As usual, the hadronic
cross section is calculated from the partonic cross section through a convolution with the
parton distribution functions (PDF),
dσpp→tt¯X =
∑
i, j
∫
dxidx j Fi/p(xi,µ f )F j/p(x j,µ f )dσˆi j→tt¯X(xiP1, x jP2,µ f ,µr), (18)
where the Fi/p(x,µ f ) denote the PDF, µ f and µr are the factorization and renormalization
scales, and σˆi j→tt¯X denote the partonic cross sections. The sum runs over all parton configu-
rations contributing to top-quark pair production. Within QCD the dominant contributions are
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due to gluon fusion (gg→ tt¯) and quark-antiquark annihilation (qq¯→ tt¯). The leading-order
Feynman diagrams are shown in Fig. 1. The relative contributions of these two processes to
Figure 1: Dominant SM processes contributing to top-quark pair production.
(18) depend on the energy scale, with the contribution from gluon fusion dominating at low
energies [52]. In Fig. 2 the additional contribution due to the s-channel exchange of a Higgs
boson φi is shown. In principle, all quarks contribute in the fermion triangles. However in the
scenarios considered here we have set tanβ = 0.7. Thus the bottom Yukawa coupling is not
enhanced (as would be the case in scenarios with tanβ 1). That is why in these scenarios the
bottom loop contribution is is more suppressed than in the SM with respect to the contribution
from the top-quark loop. Contributions from quarks lighter than the b quark are even smaller.
Hence we can safely neglect all quark flavor contributions to the triangle which are lighter
than the top quark. As we consider here an extended Higgs sector, we have to sum over the
(neutral) Higgs bosons φ1, φ2, and φ3. We identify φ1 with the SM Higgs boson which con-
φi φi
Figure 2: s-channel Higgs boson contribution to top-quark pair production.
tributes to the nonresonant background (17). Since we are mainly interested in the resonant
production of the heavy Higgs bosons φ2 and φ3 we take at leading order only the contribution
from the diagrams shown in Fig. 2 into account and neglect nonresonant Yukawa corrections
due to φ2,3 exchange.
For gg→ tt¯ the scattering amplitude may be written as
A =A(0)QCD +
∑
i
A(0)φi (19)
and the partonic cross section can be calculated using
dσgg→tt¯ =
1
32pi
βt
s
|A|2d cos(θ), (20)
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where s denotes the partonic center-of-mass energy squared, cos(θ) is the cosine of the scat-
tering angle in the parton center-of-mass system (cms),
βt =
√
1− 4m
2
t
s
(21)
is the velocity of the top quark in the partonic cms, and mt denotes the top-quark mass renor-
malized in the on-shell scheme. We overline the squared matrix element in Eq. (20) to indicate
that it is averaged/summed over the incoming/outgoing spin and color degrees of freedom.
Squaring the amplitude for gg→ tt¯ leads to
|A(0)QCD|2 + 2
∑
i
Re(A(0)QCDA(0)φi
∗
) + 2
∑
i> j
Re(A(0)φi A
(0)
φ j
∗
) +
∑
i
|A(0)φi |2. (22)
For the scenarios 1 – 3 discussed in Sec. 3 sizeable effects due to the extended Higgs sector
can only be expected well above the threshold for top-quark pair production in the vicinity
of the respective resonances φ2,φ3. (At these energies, the contribution of the SM-like Higgs
boson φ1 is tiny and will, in fact, be incorporated in the following sections into the nonresonant
background contributions.) The expression for the pure QCD matrix element squared |A(0)QCD|2
in Eq. (22) can be found in Refs. [53, 54]. For the two heavy Higgs bosons the interference
with the QCD amplitude reads
2
∑
i=2,3
Re(A(0)QCDA(0)φi
∗
) = −16piαs
CACF
m2t
3
s
1−β2t z2
∑
i=2,3
[
aitβ2t Re
(
Pi(s)F Si
)
−2bitRe
(
Pi(s)F Pi
)]
,
(23)
with the propagator of the Higgs boson φi defined by
Pi(s) =
1
s−m2i + imiΓi
, (24)
and the s dependent vertex factors given by
F Si = −
αsait
8pi3
τ
[
(1−τ) f (τ)−1] , (25)
F Pi =
αsbit
16pi3
τ f (τ), (26)
where
τ = 1−β2t =
4m2t
s
. (27)
The loop function f is given by
f (τ) =

1
4
[
ln
(
1+
√
1−τ
1−√1−τ
)
− ipi
]2
τ < 1
−arcsin2
(√
1
τ
)
τ ≥ 1
. (28)
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The ait (bit) denote the reduced (pseudo-)scalar Yukawa couplings defined in Sec. 3. The Γi
are the constant widths of the φi as given in Sec. 3. αs ≡ αs(µr) is the coupling constant of
the strong interaction evaluated at the renormalization scale µr. CA and CF are the Casimir
invariants of the SU(N) gauge group (N = 3 for QCD),
CA = N, CF =
1
2N
(N2−1) , (29)
and z is the cosine of the scattering angle of the top quark defined in the parton cms,
z = cos(θt). (30)
The two remaining contributions in Eq. (22) read∑
i=2,3
|A(0)φi |2 =
2
CF
m2t
32
s3
∑
i=2,3
|Pi(s)|2
(
|F Si |2 + 4|F Pi |2
) (
a2itβ
2
t + b
2
it
)
, (31)
2Re(A(0)φ2A
(0)
φ3
∗
) =
4
CF
m2t
32
s3Re
[
P2(s)P3(s)∗
(
F S2 F S3
∗
+ 4F P2 F P3
∗)] (
a2ta3tβ2t + b2tb3t
)
. (32)
The interference term (32) is nonzero only in CP-violating scenarios, where φ2, φ3 have both
scalar and pseudoscalar components. Although a detailed phenomenological discussion in-
cluding higher order corrections will be presented in Sec. 5 it is useful to study the size of
the different contributions (22) to the LO differential cross section (18). The cross section for
top-quark pair production differential in the invariant mass Mtt¯ of the top-quark pair is shown
in Fig. 3 for scenario 3. As anticipated, sizeable effects due to the extended Higgs sector are
only visible in the vicinity of the resonances. A distinctive peak-dip structure, which is due
to the interference of the Higgs signal with the QCD background amplitude, is visible for the
lighter of the two heavy Higgs resonances (which is φ2 in scenario 3). The heavier Higgs
boson produces a similar peak-dip structure which is, however, less pronounced and hidden
by the effect of the lighter resonance. As a consequence of the peak-dip structure the contri-
bution of the extended Higgs sector to the total tt¯ cross section is very small and below the
currently attainable experimental accuracy. The effect can be enhanced by introducing a cut
on Mtt¯ and evaluating the cross sections in the regions 2mt < Mtt¯ < 480 GeV and Mtt¯ > 480
GeV. However, even in this case the effects are only at the level of a few percent. Qualitatively
similar results are obtained for scenarios 1 and 2.
Contrary to scenarios 1 and 2 the φ2-φ3 interference term is nonzero in scenario 3. As shown
in Fig. 3 this term is small compared to the other contributions; it is less than 0.4 per mill with
respect to the QCD background in each Mtt¯ bin. There are two reasons for this interference to
be so small. First, in scenario 3 the Higgs boson mass separation ∆m = m3−m2 > Γ2 +Γ3 leads
to a suppression caused by the product of the two Higgs boson propagators in Eq. (32), while
in the case ∆m = 0 there is no such suppression. This behavior is displayed in Fig. 4, where
the red curve shows the relative contribution of the φ2-φ3 interference term to the LO hadronic
pp→ φ2,φ3 → tt¯ cross section without the QCD background as a function of the mass sep-
aration ∆m = m3 −m2. Second, even in the case ∆m = 0 the φ2-φ3 interference term is still
small (about 4% compared to the Higgs-only cross section). This is the result of our choice
14
00.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
d
σ
d
M
tt¯
[p
b/
G
eV
]
Scenario 3√
s = 13TeV
-10
-5
0
5
400 500 600 700 800 900 1000 1100 1200 1300
δσ
σ
Q
C
D
[%
]
Mtt¯ [GeV]
2HDM + QCD
QCD only
|φ2|2 + |φ3|2
φ2,3-QCD interf.
φ2-φ3 interf. ×100
Figure 3: Impact of different contributions to the hadronic differential cross section dσ/dMtt¯
at leading order. Upper pane: The solid black curve shows the QCD background and
the dotted red curve displays the sum of QCD background, 2HDM contribution and
the interference term. Lower pane: Relative contributions with respect to the QCD
background. The solid green curve shows the sum of the contributions from φ2 and
φ3, the dashed blue curve depicts the interference of the φ2,φ3 production ampli-
tudes with the QCD background, and the dotted brown curve the φ2-φ3 interference
(multiplied with a factor 100 for better visibility).
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of parameters for scenario 3, which leads to Yukawa couplings with opposite signs. This is
in turn responsible for cancellations in Eq. (32) and renders the interference term small. The
blue curve in Fig. 4 shows in addition the behavior of this interference term as a function of
the Higgs mass separation using an additional cut, namely m2−150GeV ≤ Mtt¯ ≤m2. This cut
enhances the φ2-φ3 interference because it prevents the partial cancellation due to the peak-
dip structure which is also present in this interference term. We apply similar cuts in the
NLO analysis presented below. Even with this cut the interference contribution Eq. (32) is
small compared to the total Higgs boson contributions to the tt¯ cross section and can be safely
neglected in phenomenological applications.
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Figure 4: Relative contribution of the φ2-φ3-interference term (32) with respect to the total
hadronic pp→ φ2,φ3→ tt¯ cross section without QCD background as a function of
the mass separation ∆m = m3 −m2 normalized to Γ2 + Γ3. The parameters used for
this plot correspond to those of scenario 3 except for the masses and widths of φ2 and
φ3 which have been varied accordingly. The end of each curve corresponds exactly
to scenario 3 with m2 = 500 GeV, m3 = 800 GeV and corresponding widths as given
in Table 6.
In order to find or put limits on heavy Higgs boson production and decay to tt¯ the experimental
analysis must focus on the resonance region. Since the mass(es) of the heavy resonance(s) is
(are) not known beforehand, an analysis with a sliding Mtt¯ window combined with a sideband
analysis should be applied. From the theoretical point of view NLO corrections are required
to provide reliable predictions in the vicinity of the resonances. The evaluation of the NLO
corrections will be discussed in the next subsection.
16
Besides we remark that, depending on the mass, couplings and width of the heavy Higgs
resonance, a pure dip rather than a peak dip may show up in the Mtt¯ spectrum, or even a
complete washout of the resonance signal can occur. For a recent analysis, see Ref. [25]. For
the parameter scenarios described in Sec. 3 the lighter of the two heavy Higgs resonances
produces always a peak-dip structure in the Mtt¯ distribution; see Sec. 5.
4.2. Next-to-leading order QCD corrections
For the calculation of the NLO QCD corrections to the process in Eq. (16) we apply two
approximations. First, as far as the Higgs coupling to the gluons is concerned, we work in the
heavy top-quark limit. Second, we take advantage of the fact that the theoretical predictions
are only required in the vicinity of the resonances because the experimental analysis will focus
on this region. This allows us to work in the pole approximation, keeping only contributions
that are resonant in the intermediate Higgs boson(s). This is consistent with our approach to
work at leading order in the Yukawa couplings. The heavy Higgs resonances are described
by a Breit-Wigner propagator with constant width. In our approach this amounts to using the
so-called complex mass scheme [55–57], as outlined in Appendix A.
In order to fix our conventions we briefly review the approximations in the following.
Effective theory approach: In the heavy top-quark limit the triangles shown in Fig. 2
are shrunk to an effective vertex.3 Relying on Lorentz covariance and gauge invariance, the
effective vertex can be described within an effective field theory approach with the relevant
contribution to the Lagrangian given by
Leff =
3∑
j=2
[
fS jGaµνG
µν
a + fP jµναβG
µν
a G
αβ
a
]
φ j , (33)
where fS j and fP j are the Wilson coefficients for the coupling of the CP-even and CP-odd
component of the Higgs boson φ j to gluons. The effective Lagrangian leads to the following
Feynman rules (gs =
√
4piαs)
φi
µ, a, p1
ν, b, p2
= −4iδab
[
fS j
(
gµν(p1 · p2)− p2µp1ν
)
−2 fP jµνρσpρ1 pσ2
]
, (34)
3The virtual NLO QCD corrections for scalar and pseudoscalar Higgs-boson production in gluon fusion were
calculated for arbitrary quark masses in Ref. [58].
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φi
µ, a, p1
ν, b, p2
ρ, c, p3
= 4gs f abc
{
fS j
[
gµν(p1− p2)ρ+ gνρ(p2− p3)µ+ gρµ(p3− p1)ν
]
− 2 fP j(p1 + p2 + p3)ααµνρ
}
. (35)
The momenta are taken to be incoming and we use the convention 0123 = +1. The Lagrangian
Leff contains also an effective ggggφ j coupling, which is however not needed at the order
of perturbation theory in which we are working. The effective couplings fS j and fP j can be
further expanded in powers of αs:
fS j =
αs
pi
(
f (0)S j +
αs
pi
f (1)S j + . . .
)
, fP j =
αs
pi
(
f (0)P j +
αs
pi
f (1)P j + . . .
)
. (36)
Comparing the results obtained in the full theory as presented in the previous subsection with
the results in the effective theory approach, it is straightforward to obtain the well-known
result:
αs
pi
f (0)S j = limmt→∞
F Sj =
αs
pi
a jt
123
, (37)
αs
pi
f (0)P j = limmt→∞
F Pj = −
αs
pi
b jt
163
. (38)
Using the expressions from Ref. [59–62] adapted to our conventions we get for f (1)S j and f
(1)
P j :
f (1)S j =
(4pi)
Γ(1− )
a jt
123
(11
4
− β0

)
=
(4pi)
Γ(1− ) f
(0)
S j
(11
4
− β0

)
, (39)
f (1)P j =
(4pi)
Γ(1− )
b jt
163
β0

= − (4pi)

Γ(1− ) f
(0)
P j
β0

, (40)
where  = (4−d)/2 is the dimensional regulator working in d dimensions, and
β0 =
1
2
(
11
6
CA− 23TRNF
)
(41)
denotes the leading coefficient of the QCD β-function with NF being the number of massless
quark flavors and TR = 1/2. One may question the validity of the heavy top-quark limit given
that we apply the effective theory approach above the threshold of top-quark pair production.
Since the effective theory approach has been shown to provide also reliable estimates for
energies well above its naive domain of validity—if the full leading-order result is kept and
an appropriate reweighting is performed [29]—we believe that reliable estimates of the NLO
corrections can be obtained within this approximation. We outline our reweighting method
adapted from Ref. [29] at the end of this section.
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Pole contribution and soft gluon approximation: As sizeable effects of the extended
Higgs sector can be expected only in the heavy Higgs boson resonance region it is sufficient
to restrict the theoretical predictions to Mtt¯ intervals around the Higgs boson masses. This can
be achieved by the pole approximation where only the contributions enhanced by a resonant
propagator are kept. For Higgs propagators appearing within loop diagrams the soft gluon
Figure 5: Diagram to be calculated in the soft gluon approximation.
Figure 6: Virtual (green dashed) and real (red dotted) contributions which cancel in the soft
gluon approximation.
approximation can be used to extract the leading pole contribution. Taking as an example the
diagram shown in Fig. 5 it is clear that a resonant contribution at Mtt¯ ≈ mi is only possible if
the additional gluon in the loop is soft. This is the essence of the soft gluon approximation in
which the integrand of the loop integral is approximated by the contribution from soft gluons.
Note that the loop integration is not restricted within this approximation. For more details we
refer to Refs. [63–66]. Evidently, the same approximation has to be applied also to the real
corrections. In fact, the virtual corrections alone are infrared divergent because the soft gluon
is coupled to external lines. Only the sum of the virtual and real corrections yields a finite
result. In the soft gluon limit the amplitudes simplify significantly and it turns out that the
appropriate real corrections completely cancel the corresponding virtual contributions once
sufficiently inclusive observables are studied. An example of this cancellation is illustrated in
Fig. 6. This was checked for the various contributions on a case by case study. More details
about the example shown in Fig. 6 are given in Appendix B. The corrections of the type
displayed in Figs. 5–6 are also called nonfactorizable corrections because the gluon radiation
connects Higgs boson production and decay to tt¯. We also stress that gauge invariance is only
guaranteed if the soft gluon approximation is consistently applied.
After these introductory remarks we now briefly summarize the various terms that contribute,
within the aforementioned approximations, to resonant φ j production and interference with
the nonresonant tt¯ amplitudes at NLO QCD, i.e., at order α3s . In Fig. 7 the factorizing QCD
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 f(1)S/P
Figure 7: QCD corrections to top-quark pair production via resonant Higgs exchange.
corrections for top-quark pair production through Higgs exchange are shown and we do not
display diagrams that vanish in dimensional regularization. Denoting the amplitude for this
contribution with A(1)φi and the QCD corrections to nonresonant top-quark pair production
(without any Higgs contribution) with A(1)QCD, the virtual corrections to the squared matrix
element read∑
i, j
2Re
(
A(1)φi A
(0)
φ j
∗)
+
∑
i
2Re
(
A(1)φi A
(0)
QCD
∗ )
+
∑
i
2Re
(
A(1)QCDA(0)φi
∗)
. (42)
We refrain from discussing the NLO QCD corrections to tt¯ production here, because they
have been known for a long time [53, 54, 67–70]. (In [69, 70] the full spin dependence of
the top quarks is kept.) After renormalization the virtual corrections are ultraviolet (UV)
finite. However, they still contain infrared (IR) singularities which are canceled only after the
inclusion of the real corrections. Sample diagrams for gg→ φi → tt¯g are shown in Fig. 8.
The square of this amplitude cancels the IR singularities in 2Re
(
A(1)φi A
(0)
φ j
∗)
. Because of the
Figure 8: Sample diagrams for initial and final state real corrections to the process
gg→ φ2,3→ tt¯.
color structure there is no interference between initial and final state radiation in this case.
The amplitude for gg → φi → tt¯g interferes also with the QCD amplitude gg → tt¯g. This
contribution cancels the IR singularities in
∑
i 2Re
(
A(1)φi A
(0)
QCD
∗ )
and
∑
i 2Re
(
A(1)QCDA(0)φi
∗)
. We
stress that the contribution to be combined with
∑
i 2Re
(
A(1)φi A
(0)
QCD
∗ )
is evaluated using the soft
gluon approximation.
At order α3s heavy Higgs bosons can also be produced by qq¯ annihilation with an amplitude
that is not suppressed by light quark Yukawa couplings. The respective Feynman diagram for
qq¯→ tt¯g is shown in Fig. 9. Besides the square of this amplitude also the interference with the
QCD amplitude for qq¯→ tt¯g contributes. Both contributions are free of IR singularities.
In addition, resonant heavy Higgs boson production and decay to tt¯ occurs also by (anti)quark
gluon fusion, qg→ tt¯q and gq¯→ tt¯q¯. The corresponding amplitudes are obtained from the
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Figure 9: Resonant heavy Higgs boson production in qq¯→ tt¯g.
amplitude depicted in Fig. 9 by crossing. The square of the amplitude with the intermediate
Higgs bosons and the interference with the respective QCD amplitude lead to double and
single resonant terms. Contrary to the qq¯ case both contributions suffer from initial state
singularities.
Some technical aspects: The calculation of the NLO corrections described above is con-
ceptually straightforward. Since the full results are rather lengthy we briefly outline the cal-
culation and show explicit results for some illustrative examples only. As far as the virtual
corrections are concerned we employ the Passarino-Veltman reduction [71] to reduce the one-
loop tensor integrals to scalar integrals. Including the contribution from UV renormalization
we obtain for example for the interference of the diagrams shown in Fig. 7 and the leading-
order Higgs boson exchange diagrams
∑
i, j
2Re
(
A(1)φi A
(0)
φ j
∗)
=
αs
pi
{
− (4pi)

Γ(1− )
{
Re
[(
µ2
−s− i0
)] CA
2
+
2β0

}
B
+
(
4piµ2
m2t
)
Γ(1 + )CF
1

Re(a−1)B
+
11
2
B| fP=0 + 2CA B| fS =0
+ CF
[
Re(a0)B|bt=0 + Re(a¯0)B|at=0
]
+O()
}
, (43)
where B denotes the contribution from∑
i=2,3
|A(0)φi |2 + 2Re(A
(0)
φ2
A(0)φ3
∗
)
evaluated in the heavy top-quark limit:
B = 2
CF
(
αs
pi
)2 m2t
32
s3
{ ∑
i=2,3
|Pi(s)|2
(
| f (0)S i |2 + 4| f (0)Pi |2
) (
a2itβ
2
t + b
2
it
)
+ 2Re
[
P2(s)P3(s)∗
(
f (0)S 2 f
(0)
S 3
∗
+ 4 f (0)P2 f
(0)
P3
∗)] (
a2ta3tβ2t + b2tb3t
)}
. (44)
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The coefficients a−1, a0 and a¯0 are related to the one-loop φ j → tt¯ form factor and can be
taken for example from Ref. [72]. The poles in the dimensional regulator  are due to IR
singularities. Note that we keep the polarization of the incoming gluons in four dimensions.
As a consequence B does not depend on . The IR singularities are handled with the Catani-
Seymour dipole subtraction [73,74]. In this formalism local counterterms are added to the real
corrections such that on the one hand the soft and collinear singularities are canceled point-
wise in phase space and, on the other hand, the subtraction is simple enough to be integrated
analytically over the d-dimensional phase space of the unobserved parton. The cross section
reads schematically [73]:
σNLO = σNLO{m + 1}(p) +σNLO{m}(p) +
∫ 1
0
dxdσˆNLO{m}(x; xp)
=
∫
m+1
(σR(p))=0−
 ∑
dipoles
dσB(p)⊗
(
dVdipole + dV′dipole
)
=0

+
∫
m
[
dσV(p) + dσB(p)⊗ I
]
=0
+
∫ 1
0
dx
∫
m
[
dσB(xp)⊗ (K+P) (x)
]
. (45)
Here σB, σV, and σR denote the Born cross section and the contributions from the virtual and
real corrections, respectively. Since the real corrections combined with the subtraction terms
are finite, they can be evaluated numerically in four dimensions. The singularities are thus
made manifest in the integrated subtraction terms which are added back [last line in Eq. (45)].
The subtraction term to be combined with the real corrections is constructed as a sum of
individual dipoles: ∑
dipoles
dσB(p)⊗
(
dVdipole + dV′dipole
)
.
The analytically integrated dipoles are collected in the operators I, K, and P which may in-
troduce correlations in spin and color. Combining for the case at hand the virtual corrections
with the contribution from the I operator an IR finite result is obtained:
dσV + dσI =
1
32pi
αs
pi
βt
s
{[
2β0 +
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CA− 109 NFTR
+ CF
(
3− β
2
t + 6βt + 1
12βt
pi2− 1 +β
2
t
4βt
ln2 y− 1 +β
2
t
2βt
ln
(
1 +β2t
2
)
ln (y)
+
(
1 +β2t
2βt
ln (y) +
3
2
)
ln
(
1−β2t
2(1 +β2t )
)
+V(NS)q
)
+ 2β0 ln
(
µ2
s
)]
B
+ 2CA B| fS =0 +
11
2
B| fS =0
+ CF
[
Re(a0)B|bt=0 + Re(a¯0)B|at=0
]}
d cos(θ) (46)
22
with
V(NS)q = 32 ln
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1
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(
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and
y =
1−βt
1 +βt
. (48)
The sum of the contributions from the integrated dipoles responsible for initial state singular-
ities and the QCD factorization reads
dσKP =
∫ 1
0
dx
∫
m
[
dσB(xp)⊗ (K+P) (x)
]
=
αs
pi
∫ 1
0
dx
∫
dΠ2
Kgg(x)−KggF.S.(x) + K˜gg(x)−Pgg(x) ln
µ2Fxs

B(xs). (49)
In the evaluation of B(xs) the partonic center-of-mass energy squared is set to xs. Since we
factorize the initial state singularities in the MS scheme the contribution KggF.S.(x) encoding the
scheme dependence for schemes different from the MS scheme is zero. For the definition of
the remaining contributions we refer to Ref. [73].
For the real corrections very short expressions can be derived for the squared Higgs boson
contribution. In the reaction
g(p1) + g(p2)→ t(k1) + t¯(k2) + g(q) (50)
the tt¯ pair is produced in a color singlet state. Therefore, the squared matrix element is given
by an incoherent sum of two terms associated with gluon radiation from the initial and final
state. We find
|A(gg φ2,φ3−→ tt¯g)|2ISR =
16α3sCA
piCF
m2t
32
(s + t + u)4 + s4 + t4 + u4
stu
×
{ ∑
j=2,3
(
( f (0)S j )
2 + 4( f (0)P j )
2
) (
−a2jtt12 + b2jts12
) ∣∣∣P j(s12)∣∣∣2
+ 2
(
f (0)S 2 f
(0)
S 3 + 4 f
(0)
P2 f
(0)
P3
) (
−a2ta3tt12 + b2tb3ts12
)
Re
[
P23(s12)
]}
(51)
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with
s = (p1 + p2)2, t = (p1−q)2, u = (p2−q)2, s12 = (k1 + k2)2, t12 = (k1− k2)2, (52)
and
P23(s) = P2(s)P3(s)∗. (53)
The contribution from final state gluon radiation reads
|A(gg φ2,φ3−→ tt¯g)|2FSR =
16α3s s
2
pis′213s
′2
23
m2t
32
{ ∑
j=2,3
[
( f (0)S j )
2 + 4( f (0)P j )
2
][
a2jtKa + b
2
jtKb
] ∣∣∣P j(s)∣∣∣2
+ 2
[
f (0)S 2 f
(0)
S 3 + 4 f
(0)
P2 f
(0)
P3
][
a2ta3tKa + b2tb3tKb
]
Re
[
P23(s)
]}
(54)
with
Ka = 8m4t (s− s12)2−2m2t
(
s(s′13 + s
′
23)
2 + 4s12s′13s
′
23
)
+ s′13s
′
23
(
s2 + s212
)
, (55)
Kb = s′13s
′
23
(
s2 + s212
)
−2m2t s(s− s12)2, (56)
and
s′13 = 2k1 ·q, s′23 = 2k2 ·q. (57)
For the quark initiated processes
q(p1) + q¯(p2)→ t(k1) + t¯(k2) + g(q) (58)
and
q(p1) + g(p2)→ t(k1) + t¯(k2) + q(q) (59)
the squared amplitudes without the QCD interference are given by
|A(qg φ2,φ3−→ tt¯q)|2 = 16α
3
s
pi
m2t
32
s2 + u2
−t
{ ∑
j=2,3
[
( f (0)S j )
2 + 4( f (0)P j )
2
](−a2jtt12 + b2jts12) ∣∣∣P j(s12)∣∣∣2
+ 2
[
f (0)S 2 f
(0)
S 3 + 4 f
(0)
P2 f
(0)
P3
](−a2ta3tt12 + b2tb3ts12)Re[P23(s12)]} (60)
and
|A(qq¯ φ2,φ3−→ tt¯g)|2 = 32α
3
sCF
pi
m2t
32
t2 + u2
s
{ ∑
j=2,3
[
( f (0)S j )
2 + 4( f (0)P j )
2
](−a2jtt12 + b2jts12) ∣∣∣P j(s12)∣∣∣2
+ 2
[
f (0)S 2 f
(0)
S 3 + 4 f
(0)
P2 f
(0)
P3
](−a2ta3tt12 + b2tb3ts12)Re[P23(s12)]}. (61)
The interferences of the signal amplitudes with the nonresonant QCD amplitudes produce
rather lengthy expressions and we do not reproduce them here. As far as the NLO QCD and
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weak corrections to tt¯ without contributions from φ2 and φ3 are concerned, we use the results
of our previous work [69, 70, 75]. As mentioned above, the (small) contribution from the
SM-like Higgs boson φ1(125GeV) is part of the order α2sα mixed QCD-weak corrections.
As already emphasized at the beginning of this section we apply the large top-quark mass
limit for the computation of the NLO QCD corrections to heavy Higgs production. Because
we work above the top-quark pair production threshold we use this approximation somewhat
beyond its range of validity. However, in Ref. [29] it was shown that the range of application
can be extended to mφ > 2mt within rather small uncertainties (≈ 10%), provided the higher
order corrections are rescaled by an appropriate K factor. This procedure has been examined
for the production of a heavy Higgs boson by gluon fusion in the SM, pp→ φ+X. In Ref. [29]
it was also shown that the main contribution to the QCD NLO corrections is due to soft and
collinear gluon radiation which does not resolve the gluon-Higgs coupling. Because the QCD
corrections to
pp→ φ2,φ3→ tt¯, (62)
especially the factorizing ones, are very similar to those of Higgs production by gluon fusion
in the SM, it is well motivated to assume the same behavior with respect to the effective gluon-
Higgs couplings that we use. The K-factor method applied to our calculation should therefore
lead to reliable results. Compared to the case of inclusive SM Higgs production there is,
however, a major difference: the interference with the QCD background. In the following we
briefly describe the K-factor method adapted to the situation studied in this article. The total
tt¯ cross section is written as
σNLO = σ
QCDW
NLO +σ
approx.
NLO , (63)
where σQCDWNLO denotes the nonresonant tt¯ cross section including the NLO QCD and weak cor-
rections and σapprox.NLO is the contribution of the heavy Higgs bosons including the interference
with the QCD background at NLO. We calculate it as follows4:
σ
approx.
NLO =
∑
j=2,3
(
σ(0)full, j +σ
(0)
full, j,QCD + K jσ
(1)
eff, j +σ
(1)
eff, j,QCD
)
(64)
with
K j =
σ(0)full, j
σ(0)eff, j
. (65)
Here σ(0)full, j denote the leading-order cross sections for
pp→ φ j→ tt¯ , (66)
and σ(0)full, j,QCD is the interference term of the φ j production amplitude with the background at
LO. The full top-quark mass dependence is kept in these two contributions. The terms σ(1)eff, j
(σ(0)eff, j) and σ
(1)
eff, j,QCD represent the NLO (LO) contributions to (66) and the interference with
4The formulas are presented here only for the inclusive cross section. However, they can also be applied to each
individual bin of a distribution.
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the QCD background at NLO, respectively, in the effective theory. The K factor is not applied
to the NLO interference term in (64). Using a K factor for this term analogous to Eq. (65),
K˜ j =
σ(0)full, j,QCD
σ(0)eff, j,QCD
, (67)
would lead to a singular behavior whenever σ(0)eff, j,QCD vanishes. This can happen for differen-
tial cross sections, e.g. for the Mtt¯ distribution.
5. Results
For the numerical evaluation of the (differential) cross section discussed in the previous section
we use, apart from the 2HDM parameter scenarios introduced in Sec. 3, the following input
values. The masses of the top quark (in the on-shell scheme) and of the SM-like Higgs boson
φ1 are set to
mt = 173.34GeV, m1 = 125GeV. (68)
We use the following values of the electromagnetic fine structure constant and the gauge boson
masses:
α =
1
129
, mW = 80.385GeV, mZ = 91.1876GeV . (69)
We employ the PDF set CT10nlo [76] which provides also the value of the strong coupling
at a scale µ. To estimate the impact of uncalculated higher orders we set the renormalization
scale µr equal to the factorization scale µ f (µ f = µr ≡ µ) and vary µ by a factor 2 up and down.
As the central scale we use
µ0 =
m2 + m3
4
.
This choice is motivated by the choice µ0 = mH/2 in the SM case; see, for instance, [77].
In the following we present results for proton-proton collisions at a hadronic center-of-mass
energy of
√
s = 13 TeV. The tt¯ cross section differential in the top-quark pair invariant mass
is displayed in Figs. 10–12 for scenarios 1–3. The ratios in the lower panes of these figures
show that the corrections with respect to the leading-order Higgs contribution are sizeable but
the overall effect of resonant φ2,φ3 production is rather small: In the Mtt¯ distribution it ranges
from below 5% in the CP-violating case with significantly different φ2,φ3 masses (scenario 3)
to about 6% in the nearly mass-degenerate CP-conserving case (scenario 1). The effects on the
inclusive tt¯ cross section are even smaller, as can be seen in Table 7. As a general feature we
observe that in all three scenarios the QCD corrections lead to a positive shift in the vicinity
of the resonances with respect to the leading-order results. The potential cancellation due to
the peak-dip structure, when the resonance region is integrated over, is thus reduced at next-
to-leading order.
Because the validity of the predictions is restricted in the pole approximation to the resonant
region, we apply Mtt¯ cuts around the resonance which are indicated as hatched regions in the
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lower plots in Figs. 10–12. In order to enhance the signal we divide the Mtt¯ cuts into two
regions. One region is associated with the peak
m∗−150 GeV ≤ Mtt¯ ≤ m∗ (70)
and the other one with the dip
m∗ ≤ Mtt¯ ≤ m∗+ 150 GeV, (71)
where m∗ is defined as the smallest value of Mtt¯ where the NLO ratio (red curve in Figs. 10–
12) crosses 1. These cuts enhance the signal-to-background ratio because they prevent the
partial cancellation due to the peak-dip structure. As already mentioned in the introduction
experimental analyses may use a sliding Mtt¯ window.
Table 7: Inclusive tt¯ production cross sections for pp collisions at the hadronic center-of-mass
energy of
√
s = 13 TeV in different type-II 2HDM scenarios. σQCDW denotes the
cross section for pp→ tt¯ including NLO QCD and weak corrections, but without
contributions from φ2,φ3. Note that due to our choice of the renormalization and
factorization scale µ = µ0 = (m2 +m3)/4 the cross section σQCDW depends on the sce-
nario. σ2HDM denotes the cross section for pp→ φ2,3→ tt¯ including the interference
with the QCD background at NLO QCD. The superscripts (subscripts) correspond to
µ = µ0/2 (µ = 2µ0). The scale variation changes the ratio by less than ±0.001 and is
not displayed in the table.
Scenario 1 Scenario 2 Scenario 3
σQCDW [pb] 643.22+81.23−77.71 624.25
+80.98
−76.19 619.56
+81.05
−75.72
σ2HDM [pb] 13.59+1.85−1.64 7.4
+0.77
−0.78 7.21
+0.81
−0.77
σ2HDM/σQCDW 0.021 0.012 0.012
We investigate the sensitivity of such an analysis (Fig. 13) by calculating the number of heavy
Higgs signal and background events for the dileptonic tt¯ final states (l = e,µ)
Nlls,b =Lσs,b Br(tt¯→ 2l)ll (72)
and for the lepton plus jets final states (l = e,µ)
Nl js,b =Lσs,b Br(tt¯→ l + jets)l j (73)
assuming the branching ratios
Br(tt¯→ 2l) = 4
81
, Br(tt¯→ l + jets) = 24
81
, (74)
an integrated luminosity of L = 100 fb−1, and selection efficiencies [78, 79] ll = 0.22 and
l j = 0.12. We assume that the observed number of events Nobs is given by Nobs = Ns + Nb,
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where Nb is the number of background events without the heavy Higgs bosons and Nobs is the
total number of events including those from resonant φ2,φ3 production including the Higgs-
QCD interference. These events are calculated for Mtt¯ windows of different width (20, 80
and 140 GeV). We consider for the lower boundary of the Mtt¯ windows the range 340–800
GeV in steps of 20 GeV. We determine from the number of signal and background events the
significance ZPL [80, 81] based on the profile likelihood method for each Mtt¯ window. In the
calculation of ZPL we include an uncertainty on the background of 1% (upper pane in Fig. 13)
and5 5% (lower pane in Fig. 13), respectively. Only the significance of the dileptonic channel
ZllPL is shown in Fig. 13. The results for the significance of the lepton plus jets channel Z
l j
PL
are very similar. Figure 13 shows that the significance increases if the Mtt¯ window becomes
narrower. In wider Mtt¯ windows peak values for the signal-to-background ratio are averaged
out whereas for smaller windows peaks in the signal-to-background ratio show up as peaks in
the significance. Because the experimental resolution is limited we show in Fig. 13 also results
for realistic Mtt¯ window widths of 80 GeV and 140 GeV. Comparing the upper and lower plot
in Fig. 13 where we have assumed a 1% and 5% background uncertainty, respectively, we
observe that increasing the assumed uncertainty by a factor of 5 leads to a reduction of the
significance by a factor of 1/5. This is due to
lim
Nb→∞
ZPL =
√
2(η− ln(1 +η))
ε
, (75)
where η is the signal-to-background ratio and ε is the relative background uncertainty. This
emphasizes the importance of reducing background uncertainties.
In Table 8 we show numerical values of the significances ZllPL and Z
l j
PL for all three scenarios
using Mtt¯ windows of 80 GeV width. The values for ZllPL,1% and Z
ll
PL,5% for scenario 1 can
be directly compared to Fig. 13. The lepton plus jets decay channel has considerably higher
event numbers than the dileptonic channel because of the higher branching ratio. However,
the significance in both channels is almost the same. This is because we fixed the relative
background uncertainty and the signal-to-background ratio is independent of the channel. A
further increase of the luminosity would thus only marginally increase the significance, given
a constant relative uncertainty of the background [see also Eq. (75)]. We have also calculated
the significances based on the p-value of the Poisson distribution from the number of observed
events Nobs and background events Nb ignoring the uncertainty. The resulting values for these
significances become unreasonably high and cannot be trusted.
In Fig. 14 we show for the Mtt¯ distribution a comparison of 8 TeV data from the CMS ex-
periment [27] with theoretical predictions obtained within scenario 1. One can see that the
current experimental and theoretical accuracy is insufficient to establish or exclude scenario 1.
5 According to Table 7 the theory uncertainty of the background calculated at NLO is about 13%. The un-
certainties of the NLO background cross sections within the Mtt¯ windows used in Fig. 13 are roughly the
same. These uncertainties would reduce the significance ZPL to a value below 1. However, we expect that the
uncertainty of 13% can be reduced by using higher order QCD predictions of the background, in particular
the next-to-next-to-leading order QCD corrections to tt¯ production [82, 83] and by using a sideband analysis
to determine the background in the signal region.
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Table 8: Number of events (N) and significance (Z) for the dileptonic (superscript ll) and lep-
ton plus jets (superscript l j) channels (l = e,µ) at
√
s = 13 TeV assuming an integrated
luminosity of L = 100 fb−1 at the LHC.
scenario 1 scenario 2 scenario 3
Mtt¯ cut (GeV) 460–540 540–620 480–560 560–640 420–500 500–580
Nllb 153517 90050 130718 76566 190486 113261
Nllobs 160536 88250 135112 76357 196907 111712
ZllPL,1% 4.4 1.9 3.2 0.3 3.3 1.3
ZllPL,5% 0.9 0.4 0.7 0.1 0.7 0.3
Nl jb 502422 294711 427805 250582 623410 370675
Nl jobs 525393 288819 442186 249897 644423 365603
Zl jPL,1% 4.5 2 3.3 0.3 3.3 1.4
Zl jPL,5% 0.9 0.4 0.7 0.1 0.7 0.3
Table 9: Mtt¯ windows used in the computation of the yt and cosθCS distributions.
Lower Mtt¯ window Upper Mtt¯ window
Scenario 1 390 GeV ≤ Mtt¯ ≤ 540 GeV 540 GeV ≤ Mtt¯ ≤ 690 GeV
Scenario 2 410 GeV ≤ Mtt¯ ≤ 560 GeV 560 GeV ≤ Mtt¯ ≤ 710 GeV
Scenario 3 350 GeV ≤ Mtt¯ ≤ 500 GeV 500 GeV ≤ Mtt¯ ≤ 650 GeV
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Figure 10: Invariant mass distribution Mtt¯ of tt¯ for scenario 1 at NLO. The upper pane shows
the SM contribution (solid black) which includes NLO QCD and weak corrections.
The dashed red line shows the sum of SM and 2HDM contributions at NLO QCD.
The shaded blue area represents the scale uncertainty when varying µR = µF = µ0
by a factor of 2 or 1/2, respectively, in the combined SM + 2HDM result. The
lower pane shows the sum of SM and 2HDM contributions normalized to the SM
contribution at NLO (solid red) and LO (dashed green). The scale uncertainty
(shaded blue) of the ratio is very small and is invisible for most of the bins in this
plot. The hatched regions in the lower pane indicate the range of the Mtt¯ cuts.
Furthermore, the limits on the cross section for a spin-zero resonance stated in Ref. [27] were
derived without taking interference effects between signal and background into account. There
is a more recent ATLAS analysis on resonances in the Mtt¯ distribution, Ref. [28], but it is also
not sensitive enough to establish or exclude our scenarios.
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Figure 11: Same as Fig. 10, but for scenario 2.
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Figure 12: Same as Fig. 10, but for scenario 3.
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Figure 13: Significance ZllPL for different cuts on Mtt¯. The solid red (dashed blue, dotted green)
curve shows the behavior for Mtt¯ windows of 20 GeV (80 GeV, 140 GeV) width.
On the abscissa the lower boundaries of the Mtt¯ windows are given. The upper
(lower) pane shows the results for ZllPL where a 1% (5%) uncertainty on the back-
ground is assumed.
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Figure 14: Mtt¯ distribution for pp → tt¯X at the LHC (8 TeV). The black data points were
extracted from Fig. 4(b) of Ref. [27] using the tool EasyNData [84]. For error
bars not visible in the original plot the radius of the black circle representing the
respective data point is used as the error bar length. The shaded grey area was
also extracted from Fig. 4(b) of Ref. [27]. It displays the theoretical uncertainty
of the background Monte Carlo prediction. The solid red curve in this plot shows
our result for scenario 1 including NLO QCD corrections. The shaded blue area
represents the scale uncertainty due to the variation of µR = µF = µ0 by a factor of
2 or 1/2, respectively.
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Figure 15: Transverse momentum distribution of the top quark pt⊥ in scenario 1 of the 2HDM
at NLO. The upper pane shows the SM contribution (solid black) which includes
NLO QCD and weak corrections. The dashed red line displays the sum of the
SM contribution and 2HDM contribution at NLO QCD. The shaded blue area rep-
resents the scale uncertainty when varying µR = µF = µ0 by a factor of 2 or 1/2,
respectively, in the combined SM + 2HDM result. The plot in the lower pane
shows the sum of SM and 2HDM contributions normalized to the SM contribution
at NLO (solid red) and LO (dashed green). The scale uncertainty (shaded blue) of
the ratio is very small and is invisible for most of the bins in this plot.
The distributions of the top-quark transverse momentum pt⊥ are displayed in Figs. 15–17 for
scenarios 1–3, respectively. These distributions are computed without Mtt¯ cuts. A cut on
the Mtt¯ value in the pt⊥ distribution restricts the Born contribution and the virtual corrections
to values pt⊥ ≤
√
(Mcuttt¯ )
2/4−mt. As a consequence the results are only leading order in the
strong coupling constant for pt⊥ >
√
(Mcuttt¯ )
2/4−mt. As in the case of the Mtt¯ distribution
the QCD corrections to the 2HDM scenarios are mainly positive such that the ratios of the pt⊥
distributions in all three scenarios stay above one. However, the deviations from one are small.
As a remnant of the resonance structure an enhancement around pt⊥ ≈mi/2 can be observed.
In the following we present, for the LHC (13 TeV), a number of distributions for tt¯ events
obeying the Mtt¯ cuts given in Table 9. The top-quark rapidity distributions in the laboratory
frame, yt, are displayed in Figs. 18–20 for scenarios 1–3, respectively. As expected the yt
distributions—and the rapidity distributions of the t¯ quarks, which are not shown—are (within
small statistical fluctuations) symmetric around yt = 0. The impact of the heavy Higgs bosons
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Figure 16: Same as Fig. 15, but for scenario 2.
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Figure 17: Same as Fig. 15, but for scenario 3.
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is rather small, it is maximally ∼ 5% in the central region for scenario 1 in the low Mtt¯ win-
dow. Top-quark pair production by qq¯ annihilation and (anti)quark gluon fusion at NLO QCD
induces a small asymmetry in the distribution of the moduli difference ∆|y| = |yt| − |yt¯|. The
inclusive tt¯ charge asymmetry AC = [N(∆|y| > 0)−N(∆|y| < 0)]/Ntot at 13 TeV (integrated over
Mtt¯) is AC = 0.75(5)×10−2 at NLO QCD including electroweak corrections. The heavy Higgs
boson contributions, which are symmetric with respect to the interchange of t and t¯, do not
change this result.
The distributions of the cosine of the Collins-Soper angle [30] cosθCS are shown in Figs. 21–
23 for scenarios 1–3, respectively. We recall that θCS is similar to the angle between the top
quark and the direction of one of the beams in the tt¯ zero-momentum frame (ZMF)—in fact,
at leading order they are identical—, but θCS is less affected by initial state radiation. Let us
denote the momenta of the two proton beams in the tt¯ ZMF by p1 and p2. If the transverse
momentum of the tt¯ pair is nonzero the three-momenta p1 and p2 are not collinear, and θCS is
defined to be the angle between the top-quark direction in the tt¯ ZMF and the bisecting line
between p1 and −p2. For the production of a spin-zero resonance and its decay to tt¯ the cosθCS
distribution is flat at LO. For the background at LO QCD, one gets for qq¯→ tt¯ a distribution
proportional to sˆ(1 + cos2 θCS ) + 4m2t (1− cos2 θCS ). For gg→ tt¯, where all partial waves are
present, the cosθCS distribution is more complicated, but is also minimal in the central region
and maximal in the forward and backward region. The background distributions computed
at NLO QCD including weak corrections, which are displayed in Figs. 21–23, corroborate
this behavior. Adding the contributions of the heavy Higgs bosons and the interference with
the background changes the shape of the cosθCS distributions only moderately. The effect is
largest in the low Mtt¯ window of scenario 1, where the distribution changes by ∼ 6% in the
central region.
Finally, we have also calculated the above distributions for 14 TeV. We do not display them
here because these results are similar to those for 13 TeV and do not bear significant new
insights.
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Figure 18: Top-quark rapidity distribution yt for scenario 1 of the 2HDM at NLO. The plots in
the upper panes show the SM contribution (solid black) which includes NLO QCD
and weak corrections. The dashed red line shows the sum of the SM contribution
and 2HDM contribution at NLO QCD. The shaded blue area represents the scale
uncertainty when varying µR = µF = µ0 by a factor of 2 or 1/2, respectively, in the
combined SM + 2HDM result. The plots in the lower panes show the sum of SM
and 2HDM contributions normalized to the SM contribution at NLO (solid red)
and LO (dashed green). The scale uncertainties (shaded blue) of the ratios are very
small and are invisible in these plots. The plots on the left- and right-hand side
correspond to different Mtt¯ windows.
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Figure 19: Same as Fig. 18, but for scenario 2 and different Mtt¯ windows.
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Figure 20: Same as Fig. 18, but for scenario 3 and different Mtt¯ windows.
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Figure 21: Distribution of the cosine of the Collins-Soper angle, cosθCS , for the top quark
in scenario 1 of the 2HDM at NLO. The plots in the upper panes show the SM
contribution (solid black) which includes NLO QCD and weak corrections. The
dashed red line displays the sum of the SM contribution and 2HDM contribution
at NLO QCD. The shaded blue area represents the scale uncertainty when varying
µR = µF = µ0 by a factor of 2 or 1/2, respectively, in the combined SM + 2HDM
result. The plots in the lower panes show the sum of SM and 2HDM contributions
normalized to the SM contribution at NLO (solid red) and LO (dashed green).The
scale uncertainties (shaded blue) of the ratios are very small and are invisible for
most of the bins in these plots. The plots on the left- and right-hand side correspond
to different Mtt¯ windows.
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Figure 22: Same as Fig. 21, but for scenario 2 and different Mtt¯ windows.
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Figure 23: Same as Fig. 21, but for scenario 3 and different Mtt¯ windows.
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6. Summary and conclusions
This paper is based on the hypothesis that in addition to the 125 GeV Higgs boson additional
heavy neutral Higgs bosons with unsuppressed Yukawa couplings to top quarks exist, which
can be resonantly produced at the LHC in the tt¯ channel. The analysis of tt¯ data at the LHC,
which so far has been rather rudimentary with regard to this possibility, requires precise the-
oretical predictions. We have therefore investigated effects of heavy, neutral Higgs boson
resonances in tt¯ production at the LHC at next-to-leading order in the strong coupling. A new
ingredient of our analysis is the incorporation of the interferences of the heavy Higgs produc-
tion amplitudes with the respective nonresonant QCD tt¯ amplitudes at NLO QCD. The NLO
corrections to heavy Higgs boson production and the Higgs-QCD interference were computed
in the large mt limit with an effective K-factor rescaling. The nonresonant tt¯ background was
incorporated at NLO QCD including weak-interaction corrections.
Our NLO QCD computation of heavy Higgs production and decay into tt¯ and the interference
with the nonresonant tt¯ amplitude is in principle rather model independent. However, essential
ingredients in our analysis are the total decay widths of the heavy Higgs bosons, which must be
computed in a concrete model in order to maintain the unitarity of the S -matrix. To be specific,
we used the type-II two-Higgs-doublet model where three neutral Higgs bosons appear in
the physical particle spectrum. We investigated three phenomenologically viable parameter
scenarios in more detail, where one of these particles is identified with the 125 GeV Higgs
boson. We considered parameter sets of this model where this boson has SM-like couplings
to the quarks, leptons, and weak gauge bosons. The masses of the other two neutral Higgs
bosons were assumed to lie above the tt¯ threshold, with top-quark Yukawa couplings that are
slightly larger than the SM top-quark Yukawa coupling.
For these three parameter sets we investigated heavy Higgs boson production and decay to tt¯
at the LHC operating at 13 TeV. We computed the inclusive tt¯ cross section and the tt¯ invariant
mass distribution with and without the two heavy Higgs resonances. Assuming an integrated
luminosity of 100 fb−1, we estimated, for appropriately chosen Mtt¯ intervals and our three pa-
rameter scenarios, the significances for detecting a heavy Higgs signal in the tt¯ dileptonic and
lepton plus jets decay channels. In addition we computed the top-quark transverse momentum
distribution and, for selected Mtt¯ windows, the top-quark rapidity distribution and that of the
cosine of the Collins-Soper angle. We showed also that the so-far negative results by the CMS
and ATLAS experiment on searches for heavy spin-zero resonances in the tt¯ channel at the
LHC (8 TeV) do not exclude our parameter scenarios.
Because the masses of the heavy Higgs resonances are not known, we propose to scan the tt¯
invariant mass distribution with a sliding Mtt¯ window of width ∆Mtt¯ ∼ 80 GeV. Mass bins of
this size are experimentally feasible, at least for Mtt¯ . 1 TeV. Our analysis of Sec. 5 shows that,
for our parameter scenarios, the significances for detecting a heavy Higgs resonance exceed
3σ only if the uncertainties involved in measuring Mtt¯ windows and modeling the nonresonant
tt¯ background can be pushed down to a level of ∼ 1%. Such a precision is unrealistic at
present, but since both theoretical and experimental uncertainties in measuring the (binned)
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tt¯ cross section have been significantly reduced in recent years, one may be optimistic and
expect further improvements also in the future. Full multivariate experimental analyses, which
increase the sensitivity, would also use information from other distributions, including those
considered in Sec. 5. A further set of observables, which we plan to investigate in future
work, includes tt¯ spin correlation and t, t¯ polarization observables. Such observables show, in
selected Mtt¯ windows, also some sensitivity to heavy Higgs resonances and potentially allow
one to discriminate between a scalar, a pseudoscalar, and a CP mixture.
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A. Description of Higgs resonances
The unstable particles which are involved in the reactions considered in this paper are the
weak gauge bosons, and the three neutral Higgs bosons of the 2HDM extension of the SM.
The charged Higgs boson does not play any role here—see the 2HDM scenarios considered
in Sec. 3. The top quark, too, is of course unstable, but in this paper we consider reactions
at the level of t and t¯ final states. The following discussion applies also if top-quark decays
are incorporated into the analysis. While we take higher order QCD corrections to the parton
reactions ab→ tt¯+X into account we emphasize that we incorporate the weak gauge boson and
Yukawa interactions only to leading order. This is important to keep in mind in the following
discussion.
As argued above, the top quark can be treated in the narrow width approximation. The Z boson
appears in tt¯ + X production as s-channel resonance only far off shell, Z∗→ tt¯ + X. Hence its
width can be safely neglected. The same statement applies to the light Higgs boson φ1 with6
m1 = 125 GeV. The W± boson is resonantly produced in t and t¯ decay, respectively. As we
work to lowest order in the weak gauge couplings this can be incorporated by using the width
ΓW in the W-boson propagator.
In the resonant production of the heavy Higgs bosons, ab→ φ2,3 → tt¯ + X, the finite width
effects must be accounted for. The adequate method which respects gauge invariance also
with respect to higher order electroweak corrections is the so-called complex mass scheme
[55–57]. Let us illustrate this method for the case at hand, using only one φ. We consider the
amplitude for the process ab→ φ→ tt¯ + X, including only factorizable QCD corrections. The
6The total width of φ1 is SM-like, i.e. very small in the 2HDM scenarios considered below, Γ1 ∼ 4 MeV.
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nonfactorizable QCD corrections are analyzed in Sec. 4.2 and Appendix B. In the complex
mass scheme the amplitude is of the form
Mi j→ f = S i j
(
k2, · · ·
)
iP(k2)S f
(
k2, · · ·
)
+N , P(k2) = 1
k2−µ2φ
, (76)
where the complex mass parameter µ2φ is the pole of the full φ propagator, i.e., the point in the
complex s plane where the renormalized Higgs boson self energy Π(s) vanishes:
Π(µ2φ) = 0 . (77)
The symbol N in Eq. (76) denotes the nonresonant contribution to the scattering matrix el-
ement. The complex mass parameter must be used wherever the φ mass squared occurs in
the scattering amplitude. However, as we compute (76) only to lowest order in the weak and
Yukawa interactions, µ2φ does not appear in the loops contributing to S i j and S f , but only in
P(s). We parametrize
µ2φ = m
2− imΓ . (78)
The meaning of m and Γ is as follows. The relation between the renormalized and bare Higgs
boson self energy is, to one-loop order in the electroweak and Yukawa couplings,
Π(k2) = Π0(k2)−δµ2φ+ (k2−µ2φ)δZφ , (79)
whereZφ = 1+δZφ is the complex Higgs wave-function renormalization constant and δµ2φ is
the complex mass counterterm. The relation between the real bare Higgs mass squared, m20,
and the complex renormalized mass squared µ2φ is
m20 = µ
2
φ+δµ
2
φ . (80)
The condition (77) is the complex-mass-scheme generalization of the usual on-shell renormal-
ization condition. Using (79) it implies that
δµ2φ = Π0(µ
2
φ) . (81)
Now we use the parametrization (78) and the relation (80), i.e., δµ2φ = m
2
0 − µ2φ. Taking the
real part of this relation shows that m can be interpreted as the on-shell mass of φ. Taking the
imaginary part gives the equation
mΓ = ImΠ0(m2− imΓ) , (82)
which in general can be solved iteratively for Γ. Expanding this relation around m, one gets to
one-loop order in the electroweak and Yukawa couplings [56]:
mΓ = ImΠ0(m2)−mΓReΠ′0(m2), (83)
where the prime denotes the derivative with respect to k2. Again, this equation may be solved
iteratively for Γ. Because we work to lowest order in the weak and Yukawa couplings we
can neglect the second term in (83). Then Γ is the total φ-boson width in the usual on-shell
scheme.
In summary we use (76) where µ2φ is determined by the on-shell mass and total width of the
respective Higgs boson φ2,φ3.
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B. Cancellation of real and virtual nonfactorizable
corrections in the soft gluon approximation
As an example for the cancellation of real and virtual nonfactorizable corrections in the SGA
we take the amplitude depicted in Fig. 6. The dotted red cut in Fig. 6 corresponds to the
interference of two Feynman diagrams contributing to the real corrections and the dashed
green cut indicates the interference of the one-loop diagram shown in Fig. 5 with the s-channel
QCD Born diagram. We start with the latter interference. In the SGA the loop integral for the
amplitude shown in Fig. 5 reduces to the scalar integral∫
d4`
(2pi)4
Nvirt
[`2 + iε][−2` · p1 + iε][−2` · (p1 + p2) + s−m2φ+ iε][−2` · k1 + iε]
, (84)
where ` is the loop momentum which is required to be soft within the SGA. The numerator
Nvirt in the SGA is obtained from the exact numerator by setting ` = 0. The momenta of the
incoming gluons are denoted p1 and p2, and k1 is the momentum of the outgoing top quark.
In the last three square brackets of the denominator of (84) the `2 terms are neglected, which
is also part of the SGA. The integration over the `0 component is performed in the complex `0
plane using the residue theorem. Closing the contour in the lower half of the plane the residue
of the pole of the first propagator in Eq. (84) is picked up. The location of the poles of the
other propagators is in the upper half of the `0 plane. Ignoring the numerator the following
result is obtained:
−i
∫
d3`
(2pi)3
1
2|`|
1[−2|`|p01 + 2` ·p1 + iε]
× 1[−2|`|(p01 + p02) + 2`(p1 +p2) + s−m2φ+ iε][−2|`|k01 + 2` ·k1 + iε]
= i
∫
d3`
(2pi)3
1
2`0
1[−2` · p1 + iε][−2` · (p1 + p2) + s−m2φ+ iε][2` · k1− iε] (85)
with |`| = `0. The integration measure d3`/[(2pi)32`0] is identical to the Lorentz invariant
phase-space measure of the gluon. What remains to be done is to show that Eq. (85) including
the numerator indeed corresponds to the phase-space integral over the soft gluon in the cor-
responding real correction contribution. Thus we analyze the interference term indicated in
Fig. 6 by the dotted red cut. After applying the SGA this interference leads to the following
propagator structure,
1[−2q · p1 + iε][−2q · (p1 + p2) + s−m2φ+ iε][2q · k1− iε] , (86)
where q is the four-momentum of the (soft) gluon. Taking the phase-space integration over
the soft gluon momentum q into account,∫
d3q
(2pi)3
1
2q0
1[−2q · p1 + iε][−2q · (p1 + p2) + s−m2φ+ iε][2q · k1− iε] , (87)
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the two expressions Eq. (85) and Eq. (87) are identical up to a factor of i.
So far only the denominators were investigated and the numerators of the amplitudes were
ignored. It remains to show that they are identical up to a sign. The real radiation amplitude
leads to
Nreal = Tr[(k/1 + mt)Vφtt(k/2−mt)Vc2gtt,α2(k/1 + mt)V
ρ′,c3
gtt ]
× Vµ′ν′α2,abc2ggg (p1, p2,−p1− p2)Vµα1ρ,ac1c3ggg (p1,−p1,0)Vν,bc1ggφ,α1(p2, p1)
× Pµµ′(p1, p2)Pνν′(p2, p1)Pρρ′(q,n)
(p1 + p2)2
, (88)
where
Vφtt = −imt
3
(at − ibtγ5) , (89)
Vµ,agtt = −igstaγµ , (90)
Vµνρ,abcggg (p1, p2, p3) = −gs f abc(gµν(p1− p2)ρ+ gνρ(p2− p3)µ+ gρµ(p3− p1)ν) , (91)
Vµν,abggφ (p1, p2) = −4iδab[ f (0)S (gµνp1 · p2− pν1 pµ2)−2 f (0)P µνρσp1ρp2σ] , (92)
and Pαα′ is the gluon polarization sum
Pαα′(p,n) = −gαα′ + pαnα′ + pα′nαp ·n , n
2 = 0 , (93)
where n is an arbitrary lightlike vector. Instead of the polarization sum in Eq. (93) we use
Pρρ′(q,n) = −gρρ′ , (94)
because in the present case there are no diagrams where the external soft gluon could be
replaced by a ghost. With this relation we obtain:
Nreal = −Tr[(k/1 + mt)Vφtt(k/2−mt)Vc2gtt,α2(k/1 + mt)Vα3,c3gtt ]
× Vµ′ν′α2,abc2ggg (p1, p2,−p1− p2)Vµα1ac1c3ggg,α3 (p1,−p1,0)Vν,bc1ggφ,α1(p2, p1)
× Pµµ′(p1, p2)Pνν′(p2, p1)
(p1 + p2)2
. (95)
The numerator of Nvirt of the virtual correction contribution (84) is computed in straightfor-
ward fashion in the SGA. One obtains
Nvirt = iNreal. (96)
Therefore
i
∫
d3`
(2pi)3
1
2`0
Nvirt[−2` · p1 + iε][−2` · (p1 + p2) + s−m2φ+ iε][2` · k1− iε]
= −
∫
d3`
(2pi)3
1
2`0
Nreal[−2` · p1 + iε][−2` · (p1 + p2) + s−m2φ+ iε][2` · k1− iε] (97)
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which exactly cancels the contribution from the real correction,∫
d3q
(2pi)3
1
2q0
Nreal[−2q · p1 + iε][−2q · (p1 + p2) + s−m2φ+ iε][2q · k1− iε] . (98)
Note that
δ(4)(p1 + p2− k1− k2−q) SGA−→ δ(4)(p1 + p2− k1− k2) (99)
in the phase-space integration of (98). Thus the four-momentum conservation matches the
one in the phase-space integration of (97).
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